. No changes in mPar6 levels, aPKC phosphorylation, or GSK3β phosphorylation were detected on loss of Cdc42 in GCPs. Related to Table 1. (A) GCPs isolated from control (Con) and Cdc42 cKO mice were immunoblotted for Par6 and Cdc42 proteins, and GAPDH as a loading control. (B) GCPs isolated from control (Con) and Cdc42 cKO mice were immunoblotted for phospho-aPKC, total aPKC, and GAPDH as a loading control. (C) GCPs isolated from control (Con) and Cdc42 cKO mice were immunoblotted for phospho-GSK3β, total GSK3β, and GAPDH as a loading control. and Atoh1-Cre alleles was carried out by PCR and each phenotypic analysis was performed using at least 3 independent litters.
All animal work was performed as required by the United States Animal Welfare Act and the National Institutes of Health's policy to ensure proper care and use of laboratory animals for research, and under established guidelines and supervision by the Institutional Animal Care and Use Committee (IACUC) of The Rockefeller University. Mice were housed in accredited facilities of the Association for Assessment of Laboratory Animal Care (AALAC) in accordance with the National Institutes of Health guidelines.
Constructs and Antibodies
Venus cDNA was PCR generated with the following primers: Venus 5' EcoRI primer GAGAAG GAATTC ACC ATGGTGAGCAAGGGCGAGGAG and Venus 3' NotI primer -stop GAGAAG GCGGCCGC TTACTTGTACAGCTCGTCCATGCCG. The PCR product was inserted into pCIG2 (provided by Dr. Franck Polleux) digested with EcoRI and NotI. Venus fusions of Cdc42 were created by first PCR generating Venus cDNA using the following primers: Venus 5' EcoRI primer GAGAAG GAATTC ACC ATGGTGAGCAAGGGCGAGGAG and Venus 3' BamHI primer GAGAAG GGATCC CTTGTACAGCTCGTCCATGCCGA. The PCR product was inserted into a pMSCXβ plasmid digested with EcoRI and BamHI. Cdc42N17 and Cdc42V12 cDNAs were PCR generated from pCDNA constructs (provided by Dr. Linda Van Aelst) using the following primers: Cdc42 5' BamHI primer GAGAAG GGATCC ACC ATGCAGACAATTAAGTGTGTTGTTGTGG and Cdc42 3' NotI primer GAGAAG GCGGCCGCTTAGAATATACAGCACTTCCTTTTGGGTTGA. The PCR product was then inserted into the BamHI and NotI sites of the pMSCXβ plasmid containing the Venus cDNA without a stop codon and was fused in frame with the 3' end of the Venus cDNA. The Venus fusions of Cdc42 were then digested from the pMSCXβ plasmid and inserted into the EcoRI and NotI sites of the pCIG2 plasmid.
Primary antibodies used for immunofluorescence included rabbit anti-GFP (Invitrogen, 1/2000), goat antiNeuroD (N19) (Santa Cruz, 1/100), mouse anti-β-tubulin 2.1 (Sigma, 1/2000), rabbit anti-Ki67 (Vector, 1:200), sheep anti-BrdU (Abcam, 1/100), rabbit anti-GFAP (Dako, 1/500), mouse anti-NeuN (Chemicon, 1/200), mouse anti-Calbindin (CALB1) (Swant, 1/1000), rabbit anti-Cre (Novagen, 1/2000) , and rabbit anti--active Caspase 3 (Cell Signaling Technology, 1/400). Secondary antibodies used included donkey anti-goat Alexa Fluor® 488 IgG (H+L) (Invitrogen, 1/500), donkey anti-mouse Alexa Fluor® 594 IgG (H+L) (Invitrogen, 1/500), donkey anti-mouse Alexa Fluor® 488 IgG (H+L) (Invitrogen, 1/500), donkey anti-rabbit Alexa Fluor® 594 IgG (H+L) (Invitrogen, 1/500), donkey anti-rabbit Alexa Fluor® 488 IgG (H+L) (Invitrogen, 1/500) and donkey anti-sheep Alexa Fluor® 488 IgG (H+L) (Invitrogen, 1/500).
Antibodies used for Western blotting included rabbit anti-Cdc42 (Santa Cruz, 1/100), goat anti-Pard6a (Santa Cruz, 1/200), rabbit anti-phospho-PKCζ/λ (Thr410/403) (Cell Signaling, 1/1,000), mouse antiphospho-Y216-GSK3β (BD Transduction, 1/1,000), mouse anti-GSK3β (BD Transduction, 1/5000), mouse anti-GAPDH (Chemicon 1/10,000), etc. Secondary antibodies used included HRP conjugated goat antirabbit IgG (H+L) (Bio-Rad, 1/3,000), donkey anti-goat IgG (H+L) (The Jackson Laboratory, 1/10,000), and sheep anti-mouse IgG (H+L) (The Jackson Laboratory, 1/10,000). , 4 mM NaHCO 3 , and Phenol Red. They were then embedded in 3% agarose in HBSS containing 2.5 mM HEPES (pH 7.4), 30 mM D-glucose, 1 mM CaCl 2 , 1 mM MgSO 4 , 4 mM NaHCO 3 , and Phenol Red, and 250 µm coronal sections were made using a Leica VT1000S vibratome set at a speed of 3 and frequency of 6. The acute slices were then fixed with 4% PFA/4% sucrose/PBS for 2 hours at room temperature and immunostained for NeuroD (goat, Santa Cruz, 1/100) and β-tubulin 2.1 (mouse, Sigma, 1/2000) described as below. The sagittal sections were imaged using a Zeiss Axial Imager.A1 microscope and the area and width of sections were measured using the "measurement" tool in Adobe Photoshop software. For the graphs in Figure 1J and Figure 1K , mid-sagittal sections from 5 animals for each condition were measured (n=5).
Serial Sections of Cerebella
To make serial sections of P7 control and conditional Cdc42 knockout cerebella, littermate mice were perfused with 4% PFA/PBS, and the brains were removed, post-fixed in 4% PFA/PBS overnight, and washed in PBS. The brains were then embedded in 3% agarose in PBS and 60 µm sagittal sections were made using a Leica VT1000S vibratome. The sections were immunostained for GFAP (rabbit, Dako, 1/500) to label glial cells and NeuN (mouse, Chemicon, 1/100) to label GCPs. They were imaged using a Zeiss Axioplan 2 microscope fitted with a SPOT (Diagnostics Instruments) Digital Camera system.
EdU Proliferation Assay
P7 control and Cdc42 cKO mice were injected with 50 µg of EdU in PBS per gram of body weight in the back of the head over the cerebellum, sacrificed one hour later, and the cerebella were removed and fixed in 4% PFA/PBS overnight. The cerebella were then washed in PBS, embedded in 3% agarose in PBS, and 50 µm sagittal sections were made using a Leica VT1000S vibratome set at a speed of 3 and frequency of 6. The sections were processed for EdU staining using a Click-iT EdU Imaging Kit (ThermoFisher Scientific) and stained with DAPI to label GCP nuclei. The sections were then imaged using confocal microscopy. The number of EdU positive cells and total GCPs in the EGL were counted and the percentage of EdU positive cells was calculated. For the EdU proliferation graph in Figure S4C , 4299 cells total were counted from 3 animals (n=3) for the control condition and 2993 cells total were counted from 3 animals (n=3) for the Cdc42 cKO condition.
Caspase 3 Apoptosis Assay P7 control (Cdc42 loxp/loxp ) and Cdc42 cKO (Tg(Atoh1-Cre) +/-; Cdc42 loxp/loxp ) mice were perfused with 4% PFA/PBS, and the brains were removed and post-fixed in 4% PFA/PBS overnight. The cerebella were then washed in PBS, embedded in 3% agarose in PBS, and 50 µm sagittal sections were made using a Leica VT1000S vibratome set at a speed of 3 and frequency of 6. The sections were immunostained with rabbit anti-active Caspase 3 (Cell Signaling Technology, 1/400) and stained with DAPI to visualize nuclei and distinguish the different layers of the cerebellar cortex. The sections were then imaged by confocal microscopy. The areas of the different layers of the cerebellar cortex were measured in microns using the measurement tool in Adobe Photoshop, the number of Caspase 3 positive cells was counted per area, and the number of Caspase 3 positive cells per area was determined. For the apoptosis graph in Figure S4H , areas for each region of the cerebellar cortex were measured and Caspase 3 positive cells counted for 3 animals (n=3) for the control condition and 3 animals (n=3) for the Cdc42 cKO condition.
Electroporation of Constructs into Cerebellum and Organotypic Slices
For the DN and CA Cdc42 experiments, brains were dissected from wild type mice in in HBSS containing 2.5 mM HEPES (pH 7.4), 30 mM D-glucose, 1 mM CaCl 2 , 1 mM MgSO 4 , 4 mM NaHCO 3 , and Phenol Red (hereto referred to as HBSS with regular glucose). 2.5 µg/µl of DNA containing Fast Green was injected with a picospritzer (Picospritzer III, Parker Instruments) between the lobes of the cerebellum, and the cerebellum was electroporated dorsal to ventral at 60V using gold paddles (Genepaddles, Genetronics Inc.) and an electro-square-porator, ECM 830 (BTX Genetronics). The cerebella were then placed on ice for 10 minutes to recover, and subsequently, the cerebellum was dissected from the brain in HBSS containing regular glucose.
For all other experiments involving Venus only, P8 cerebella from Cdc42 loxp/loxp and Cdc42 cKO (Tg(Atoh1-Cre) +/-; Cdc42 loxp/loxp ) littermate mice were dissected from brain. The cerebella were dissected out in HBSS containing 2.5 mM HEPES (pH 7.4), 46 mM D-glucose, 1 mM CaCl 2 , 1 mM MgSO 4 , 4 mM NaHCO 3 , and Phenol Red (hereto referred to as HBSS with extra glucose) on ice. The dissection medium was then removed and DNA was diluted to 0.5 µg/µl in HBSS with extra glucose. The cerebella were soaked in the DNA for 15-20 minutes on ice, and were then transferred one at a time into the well of an electroporation chamber (Protech International Inc. CUY520P5 platinum electrode L8xW5xH3 5mm gap) that was placed on ice. The cerebella were electroporated dorsal to ventral for 50 ms at 80 V, for a total of 5 pulses with an interval of 500 ms between pulses, using an electro-square-porator, ECM 830 (BTX Genetronics). The cerebella were then removed from the chamber and placed on ice to recover for 10 minutes.
Subsequent to electroporation for both DN and CA Cdc42 experiments and the Venus only experiments, the cerebella were embedded in 3% agarose in HBSS containing regular glucose, and 250 µm coronal slices were made using a Leica VT1000S vibratome set at a speed of 3 and frequency of 6. Slices were then placed on MILLICELL CM 0.4 um culture plate inserts in a 6 well plate with 1.5 ml of culture medium (BME, 25 mM D-glucose/1x Glutamine/1x ITS/1x Pen-Strep) below the insert. The organotypic slices were incubated at 35˚C/5% CO 2 60 (Venus only experiments) to 72 (DN and CA Cdc42 experiment) hours before fixing with 4% PFA/4% sucrose/PBS for 2 hours at room temperature. Immunostaining was then performed as described below. The DN and CA Cdc42 experiment slices were imaged with a Carl Zeiss Axioplan2/Bio-Rad Radiance 2000 confocal laser-scanning microscope equipped with a 63x objective, and slices for Venus only experiments were imaged with a Carl Zeiss Axiovert 200M/ Perkin Elmer Ultraview spinning disk confocal microscope equipped with a 25x objective.
Polarity Experiments P8 control and mutant cerebella were isolated and electroporated with a pCIG2 Venus-expression plasmid to visualize developing and migrating GCPs as described in the "Electroporation of Constructs into Cerebellum and Organotypic Slices" section of the Transparent Methods section. 60 hours after electroporation, the slices were fixed and processed for immunostaining with rabbit anti-GFP (Invitrogen, 1/2000) and mouse anti-Calbindin (CALB1, Swant, 1/1000) antibodies, and stained with DAPI, as described in the "Immunostaining" section of the Transparent Methods section. Co-immunostaining slices with mouse anti-Calbindin (Swant, 1/1000) to visualize the Purkinje cell layer (PCL) and Dapi to define the EGL and IGL (not shown) aided in defining the EGL, ML, and PCL of the cerebellar cortex (not shown). The slices were then imaged with a Carl Zeiss Axiovert 200M/ Perkin Elmer Ultraview spinning disk confocal microscope equipped with a 25x objective. For quantitation of the polarity experiments in Figure  3E , Venus positive cells were counted and categorized as bipolar or multipolar in the Molecular Layer and Purkinje Cell layer of organotypic cerebellar slices and the percentage of each category was calculated. Bipolar cells were classified as those that had two processes and multipolar cells were those that had more than two processes. A total of 234 (n=234) cells from 5 animals were counted for the control condition and 84 cells (n=84) from 4 animals were counted for the mutant condition.
BrdU Analysis 50 µg of BrdU in PBS per gram of weight was injected underneath the skin in the back of the head over the cerebellum in P5 control (Cdc42 loxp/loxp ) and conditional Cdc42 knockout (Tg(Atoh1-Cre) +/-; Cdc42 loxp/loxp ) mice, and the mice were perfused with 4% PFA/PBS 72 hours later. The brains were removed, post-fixed in 4% PFA/PBS overnight, washed in PBS, soaked in 15% sucrose/PBS for several hours until they sank, and then soaked in 30% sucrose/PBS overnight. The brains were then embedded in Richard-Allan Scientific Neg-50™ Frozen Section Medium (Thermo Scientific) and 16 µm sagittal sections were made using a Leica CM 3050S cryostat. Mid-sagittal sections were first immunostained for Ki67 (rabbit, Vector, 1/200) or GFAP (rabbit, Dako, 1/500) as described in the "Immunostaining" Transparent Methods section. Subsequently, the sections were processed for BrdU immunostaining. The sections were washed 3x in 1x PBS, 5 minutes each time, and then were incubated in 2N HCl for 30 minutes at 37˚C. The sections were then washed again 3x in 1x PBS, 5 minutes each time, and incubated in 0.1 M Na Borate, pH 8.5 for 10 minutes at room temperature. The sections were blocked with 10% NDS/0.5% Triton X-100/PBS for 1 hour at room temperature and then incubated with sheep anti-BrdU antibody 1/100 in incubation medium (3% NDS/0,01% Triton X-100/PBS) overnight at 4˚C. The sections were then washed 3x with PBS, 5 minutes each time and incubated with donkey anti-sheep Alexa Fluor® 488 IgG (H+L) (Invitrogen, 1/500) secondary antibody for 1 hour at room temperature. The sections were then washed 3x with PBS and mounted with Molecular Probes ProLong® Gold anti-fade mounting media (Invitrogen). The sections were imaged with a Carl Zeiss Axiovert 200M/ Perkin Elmer Ultraview spinning disk confocal microscope, and the number of BrdU+ cells in the EGL, ML, and IGL of the cerebellar cortex of control and Cdc42 cKO animals were counted using the "count" tool in Photoshop and the percentages in each area determined. A total of 2293 (n=2293) cells from 4 animals were counted for the control condition and 1595 cells (n=1595) from 4 animals were counted for the mutant condition. The thickness of the different regions of the cerebellar cortex in control and Cdc42 cKO animals were also measured using the "ruler" tool in Photoshop and quantitated. The thickness of the EGL, ML and IGL were measured from sections for 4 animals for each condition (n=4).
Glial Fiber and Purkinje Cell Analysis
For glial fiber analysis, mid-sagittal sections from the BrdU experiments were first immunostained for GFAP (rabbit, Dako, 1/500) as described in the "Immunostaining" Transparent Methods section and subsequently were processed for BrdU immunostaining as described in the "BrdU Analysis" Transparent Methods section above. Matching serial sections from P7 control and conditional Cdc42 knockout littermate mice were compared. Briefly, the mice were perfused with 4% PFA/PBS, and the brains were removed, post-fixed in 4% PFA/PBS overnight, and washed in PBS. The brains were then embedded in 3% agarose in PBS and 60 µm sagittal sections were made using a Leica VT1000S vibratome. The sections were immunostained for GFAP (rabbit, Dako, 1/500) to label glial cells and NeuN (mouse, Chemicon, 1/100) to label GCPs.
For PC analysis, P7 control and conditional Cdc42 knockout littermate mice were perfused with 4% PFA/PBS, and the brains were removed, post-fixed in 4% PFA/PBS overnight, and washed in PBS. The brains were then embedded in 3% agarose in PBS and 60 µm serial sagittal sections were made using a Leica VT1000S vibratome. The sections were immunostained for Calbindin (CALB1, mouse, Swant, 1/1000) to label Purkinje cells.
Images were taken with a Carl Zeiss Axiovert 200M/Perkin Elmer Ultraview spinning disk confocal microscope equipped with a 25x objective.
Immunostaining
For immunostaining of organotypic slices or floating vibratome sections, the slices or sections were permeabilized and blocked overnight in 1x PBS/0.3% Triton X-100/10% Normal Donkey Serum (NDS). The sections were then incubated overnight with primary antibodies diluted in 1x PBS/0.3% Triton X-100/10% NDS. Subsequently, the sections were washed 3 times for 20 minutes each in 1x PBS/0.3% Triton X-100/10% NDS and incubated overnight with Alexa Fluor® conjugated secondary antibodies diluted in 1x PBS/0.3% Triton X-100/10% NDS. The sections were then washed 4 times 30 minutes each time, any remaining agarose was carefully removed, and the sections were mounted with Molecular Probes ProLong® Gold anti-fade mounting media (Invitrogen).
For immunostaining cryostat sections on slides, the sections/slides were rinsed 3 times in 1x PBS, blocked 1 hour in 3% NDS/0.1% Triton X-100/1x PBS, and incubated overnight with primary antibodies diluted in 3% NDS/0.01% Triton X-100/1x PBS. The following day, the sections were washed 3-4 times, 10-15 minutes each wash, in 0.1% Triton X-100/1x PBS, incubated 1 hour in Alexa Fluor® conjugated secondary antibodies diluted in 3% NDS/0.01% Triton X-100/1x PBS, washed 3-4 times, 10-15 minutes each wash, in 0.1% Triton X-100/1x PBS, and mounted with Molecular Probes ProLong® Gold anti-fade mounting media (Invitrogen).
Whole mount P7 cerebellum analysis with a modified iDISCO procedure P7 cerebella were dissected and fixed in 4%PFA/1xPBS at 4°C overnight, then washed with 1xPBS/0.02%NaN3 for three times at room temperature. The samples were permeabilized with 0.3M glycine/0.1% Triton X-100/1xPBS at room temperature overnight, then delipidated with methanol gradients (methanol diluted in 0.01xPBS): 20%, 40%, 60%, 80%, 100%, 100%, 80%, 60%, 40%, 20%, with 30 minutes for each step. The samples were then washed in 5%DMSO/0.3M glycine/2ug/ml heparin/0.1% Triton X-100/0.05% Tween-20/1xPBS for 1 hour, and in 2ug/ml heparin/0.1% Triton X-100/0.05% Tween-20/1xPBS for 1hour three times. The samples were incubated with primary antibodies, goat anti-TAG1 (R&D systems, 1/100) and rabbit anti-CALB1 (Swant CB38, 1/100), diluted in 2ug/ml heparin/0.1% Triton X-100/0.05% Tween-20/1xPBS, at 37°C for 2 days. Samples were washed for 1 day, then incubated with secondary antibodies, donkey anti-mouse Alexa Fluor® 647 IgG (H+L) (Invitrogen, 1/100) and donkey anti-rabbit Alexa Fluor® 568 IgG (H+L) (Invitrogen, 1/100), at 37°C for 2 days. After washing for 2 days, samples were embedded in 1% agarose/1xPBS, then dehydrated with methanol gradient (from 20% to 80%), then 100% methanol, DCM, and DBE for clearing. Cleared samples were imaged with LaVision light-sheet fluorescent microscope with 4x objective lens. The volume image stacks were imported into Imaris x64 software (version 8.0.1, Bitplane) to generate surface contour based on TAG1 staining to visualize foliation organization in 3D, and coronal max-intensity-projection for both TAG1 and CALB1 staining to correlate the foliation defects.
Electron Microscopy P7 control and conditional Cdc42 knockout littermate mice were perfused with saline followed by 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1M sodium cacodylate buffer (pH 7.4) at room temperature. The brains were removed and immersed in the fixative overnight. The following day, the posterior portion of the brain with the cerebellum was isolated and 500 µm sections were made using a Leica VT100S vibratome. The sections were then stored in 2.5% glutaraldehyde in 0.1M sodium cacodylate buffer (pH 7.4) at 4˚C. Cerebellar sections were washed in 0.1M sodium cacodylate buffer (pH 7.4), and post-fixed with 2.5% glutaraldehyde/0.25% tannic acid in 0.1M sodium cacodylate buffer for 15 minutes. They were then fixed with 2.5% glutaraldehyde in 0.1M sodium cacodylate buffer for 15 minutes and with 1% osmium tetraoxide in sodium cacodylate buffer for 30 min on ice. The sections were subsequently washed three times in 0.1M sodium cacodylate buffer (pH 7.4) for 5 min and rinsed three times with water. They were then stained with 1% uranyl acetate for 30 min at room temperature followed by 12 hours on ice. The sections were dehydrated in an increasing concentration of ethanol; 50%, 70%, 90%, 100%, and 100% using Pelco Biowave Pro microwave automatic protocol (TedPella, Inc.). They were then infiltrated with Epon812 resin, using an increasing concentration of resin in acetone; 50%, 100%, and 100% using Pelco Biowave Pro microwave automatic protocol (TedPella, Inc.). The sections were infiltrated with Epon812 for 24 hours on a rotating rack, and the resin was replaced three times before polymerization for 48 hours at 60°C. Areas of interest in cerebellar lobe 4/5 were then selected under the light microscope and trimmed for microtome sectioning. 70 nm sections were cut and collected on electron microscope grids, and samples were counter-stained using 1% uranyl acetate and Sato's lead stain (Proc. XIth Int. Cong. on Electron Microscopy. Kyoto. 1986 Kyoto. , pp. 2181 Kyoto. -2182 . The sections were then imaged with 2500-5000x magnification using 120kV operated Jeol 1400 plus TEM or Tecnai G2 TEM. Montage images were collected using SerialEM software and aligned using IMOD software.
Western Blotting
GCPs were isolated from P7 cerebella from control and conditional Cdc42 knockout littermates as previously described using Percoll gradient sedimentation (Hatten 1989) , washed with ice-cold PBS, spun for 5 minutes at 2500 rpm and lysed with ice-cold Triton X-100 lysis buffer containing protease and phosphatase inhibitors (50 mM Tris HCl, pH 7.5; 100 mM NaCl; 50 mM NaF; 5 mM EDTA; 1% Triton X-100; 40 mM β-glycerophosphate; 200 µM Na Orthovanadate; 100 µM PMSF; 1/100 Sigma Protease Inhibitor Cocktail (PIC) P8340; EMD Millipore Phosphatase Inhibitor Cocktail Set II 1/100; EMD Millipore Phosphatase Inhibitor Cocktail Set IV 1/200). The cells in lysis buffer were gently triturated several times, incubated 20 minutes on ice, gently triturated several times again, and spun for 20 minutes at 14,000 rpm at 4˚C. The supernatant was removed, a small aliquot set aside to determine the protein concentration, and the rest of the sample was snap frozen in liquid nitrogen and stored at -80˚C. Protein concentrations were determined using the Pierce BCA Protein Assay Kit (Thermo Scientific). Normalized lysates containing Laemmli sample buffer were boiled for 5 minutes and separated on SDS-polyacrylamide electrophoresis gels, transferred onto Immobilin-P PVDF membrane (Millipore), and immunoblotted using standard methods.
